An effective design tool was developed in this study for solving the acoustical treatments in enclosures at low frequencies. The boundary element method was used for accurately predicting sound fields of an acoustical system. The sequential quadratic programming was selected as the continuous design variable optimizer as a result of its robustness and rapid convergence. In coping with the noncontinuous design variables, the optimizer was enhanced by a modified branch and bound procedure. A small two-dimensional cavity and an irregularly shaped car cabin were applied to demonstrate the utilities of the proposed design tool. 
INTRODUCTION
The design of effective noise control treatments for enclosures where typical dimensions are comparable with acoustic wavelengths, and/or sound sources and enclosures are geometrically complex, is relatively difficult. Such acoustical cavity systems are complicated by the near-field source effects, standing wave characteristics, and lowfrequency behavior of typical sound treatments. The passenger compartments of a car and a propeller-driven aircraft, and enclosures of close-fitting appliances and business machine enclosures are such important applications where either the noise source is of low frequency or the enclosure is quite small. However, effective design procedures for such applications are rarely due to the complexity of the problems. Therefore, a reliable modeling procedure capable of accurately predicting the acoustical behaviors in enclosures as well as providing the design optimization information is fundamentally necessary.
Absorption of the low-frequency components of unwanted noise in cavities is difficult and expensive by conventional methods of using porous materials because of the thickness required. Through the extensive investigations of Maa 1'2 and Lee and Swenson, 3 however, noise control for low frequencies by passive techniques has become practical.
Thus the possibility of employing passive techniques to effectively control low-frequency sound radiated from somewhere inside the cavity appears worthy of investigation.
Previous studies on the modeling techniques were useful for enclosures where either high-frequency statistical behavior can be assumed or the geometrical configuration is relatively simple. 4-7 In this study, simulation results obtained by optimally placing acoustical materials on the boundary of enclosures are provided to achieve a better noise control. The boundary element method (BEM), emerging as a powerful alternative to the finite element method (FEM) and only discretizing the surface rather than the volume, is chosen as an analysis tool for evaluating the acoustical characteristics in enclosed spaces. An optimizer employing the sequential quadratic programming (SQP) algorithm 8 is integrated with the boundary element acoustical analysis for accurately solving the aforementioned acoustical treatment problems in cavities.
Locating the proper positions of the sound absorbing materials on the boundary of enclosures is nearly impossible without the assistance of optimization techniques. In previous work, e.g., Bernhard and Takeo, 7 only the acoustical impedances of absorbing materials in a fixed position were optimized; in addition, all of the design variables were considered as the continuous type. However, both the acous- tical impedance and location of the absorbing material are simultaneously determined in this study for making the potential technique useful. Constraints, i.e., geometrical and/or functional, are also included as required due to practical considerations. From practical and economic concerns, only some boundaries of the cavity can be reserved for acoustical treatments. The acoustical material is not positioned anywhere but is rather patched at specified regions during the optimization process. In coping with this difficulty, noncontinuous design variables capable of fully describing the parameter of specified regions must therefore be introduced in addition to continuous ones. As a consequence of manipulating the problems associated with continuous and noncontinuous design variables, the SQP scheme is enhanced by a modified branch and bound method (BBM) 9-11 to effectively solve a general nonlinear passive noise control (PNC) optimization problem. Treating the PNC optimization in such a manner is the primary focus of this study, which is of essential concern for design engineers but has not yet been considered in a previous work.
An optimization problem is formed in this study which optimizes allocations of acoustical materials on the boundary in cavities by minimizing the objective function which is subjected to suitable constraints. Total acoustic potential energy of the control volume, similar to those in noise control problems, is selected here as the objective function. The optimization is performed in the frequency domain by assuming that the noise source is of harmonic excitation. Next, computer simulations of acoustical treatments in enclosures are performed and discussed for different arrangements. In those simulations, a two-dimensional cavity is used to verify the BEM-based optimization design tool. An irregularly shaped car cabin is then modeled for further studies.
I. BOUNDARY ELEMENT FORMULATION IN ACOUSTICS
Indirect BEM as derived by Chen and Schweikert 12 is a numerical technique that can be used to calculate the sound fields in a three-dimensional space. The method is a numerical implementation of Huygen's principle in acoustics. The optimal acoustical treatments on the boundary of the enclosures in this study are simulated from the response at field points of an acoustic system as illustrated in Fig. 1 . Thus the derivation of optimal passive noise controllers can be formulated by using the indirect BEM technique. The numerical implementation of the indirect B EM technique in this study is customized from the general boundary element formulation. In summary, the process can be divided into the following steps.
Step 1: The nonhomogeneous Helmholtz equation, V2p + k2p = ½s(Xs), is utilized in forming the problem, where p is the complex acoustic pressure and k is the wave number. The point noise source of strength ½s is located at xs.
Step 2 
Step 5 
C. Design constraints
All engineering systems are designed to perform within a given set of constraints which include limitations on resources, material failure, response of the system, and member sizes. Three types of constraints are introduced in this study, i.e., design bounds, equality constraints, and inequality constraints. Possible candidates for each type are defined in the following.
Design bounds
x•<xi•<Xu, i=l,n,
where the subcripts 1 and u represent the lower and upper bound of the design variables, respectively.
Equality constraints
Xi+X2+'" +XiVe=n.
This constraint implies that the sum of the patched codes must be equal to the number of pieces of acoustical materials utilized.
Inequality constraints
If the user wishes to maintain the specified sound pressure level (SPL) at particular locations, e.g., conforming to mandatory regulations, the following equation can be consid- 
where Lp and Nsp 1 are the specified SPL and number of selected locations, respectively.
D. Summary of optimization model
In summary, the design optimization model of this study finds the number of pieces (n), location (x,y,z), and impedance (R,X) of acoustical materials so as to minimize the total acoustic potential energy, which satisfies the required constraints. Generally, the aforementioned constrained optimization problem can be described mathematically while minimizing the objective function f ( x) = f (x i ,x2 ..... X2v), subject to the constraints (23) h i(x) = 0, i = 1 ,Neql,
and the design bounds
where Neq (27) i= 1 ,Neql,
j= 1 ,Niql, spectively. The branching procedure must be repeated in each of the sub-spaces until a feasible optimal design is located. Each design sub-space is depicted as a "node" and a diagram of the branching is referred to as the "tree" of BBM. Theoretically, a discrete solution can be found if an exhaustive search of the tree is made.
If a feasible noncontinuous solution is obtained in the process of branching, the corresponding objective function value can be taken as a bound. Any other design sub-spaces that possess a continuous minimum cost larger than this bound need not be further branched since it would only generate higher cost values. This strategy is referred to as "bounding" and can be used to select a branching route intelligently, thereby avoiding complete and impartial searching through the tree.
Furthermore, all the procedures of the constrained optimization model defined in this study are incorporated into an architectural framework for the proposed design tool, as illustrated in Fig. 3 
III. COMPUTER SIMULATIONS

A. Verification of the BEM-based optimization algorithm
Numerical characteristics of the developed BEM-based optimization technique are investigated by conducting a computer simulation for design of acoustical treatments in a two-dimensional cavity (Fig. 4) Table   I . As previously mentioned, optimal impedances for these cases are generally purely reactive. Also, optimal locations and impedances of acoustical treatments alter with the frequency of excitation. If the characteristic of the noise source is a narrow band with the specific resonance of •..cavity, this information can be useful for better acoustical material patching in the preliminary design stage. Performance of using three pieces of acoustical material is deemed more generally effective than that of a single and double one, i.e., a 16% to 97% lower objective function. Table II In order to more fully comprehend the characteristics of acoustical treatments in the region of floor, a simulation of results shown in Figs. 12 and 13 is conducted. Again, the purely reactive impedance is preferred at the optimal acoustical treatments in this low frequency range. Reasons for this trend are similar to those mentioned in Sec. III A. However, a lower bound tendency of the optimal reactance can be related to the geometrical configuration of the cavity, position of noise source, and complexity of sound fields in the cabin. Furthermore, effectiveness of acoustical treatments is quite high at the resonant excitation of the car cabin due to a lower objective function (0.4%-6% of original one) and a higher insertion loss (13 dB on average).
Finally, acoustical treatments in the resonant excitation of the car cabin with location and impedance as design variables simultaneously are illustrated in Table III for n = 1, 2 
